After the extraction, wood surfaces are covered with lignin components, which are less hydrophilic (Hosseinaei et al., 2011) . In addition, the decreased amount of hydroxyl groups due to removal of hemicelluloses reduces the hygroscopic sites of wood. This results in enhancement in the dimensional stability of wood and wood-based panels.
In the literature, the effect of chip size on the extraction of hemicelluloses in wood was investigated by Li et al. (2013) . They reported that total extraction yield, as well as the yields of hemicelluloses and monosaccharides, increased clearly with decreasing particle size. However, based on an extensive literature search, there was no study on the relationship between hydrothermally treated chip size and technological properties of flakeboard. The objective of the present work was to investigate the influence of wood chip size on the hemicellulose extraction and technological properties of flakeboard. Flakes were prepared from hydrothermally treated chips and untreated control chips using a laboratory type flaker (Pallmann). Flakeboards were produced from the flakes under laboratory conditions.
Materials and methods

Wood material and resin
Korean pine (Pinus koraiensis Siebold & Zucc.) log was cut into round wood parts. These parts were divided into wood disks using a saw mill. Disks without bark were cut into longitudinal strips using a table saw. Chips were prepared from these strips. The thickness (38.5 mm) of the wood disks was equal to the length of the chips. Width and thickness of the chips were determined by adjusting the distance from the saw blade to the miter gauge so that three different chip sizes were obtained. The length of the chips was kept constant while the length and thickness of the chips were gradually increased. The dimensions of the chips are presented in Figure 1 .
A commercial liquid urea-formaldehyde (UF) (E1 class) resin with 63.3 wt.% solid content was supplied by a commercial wood-based panel manufacturer located in the Republic of Korea. The viscosity and pH value of the resin were 185 cps and 8.0, respectively. No wax or other hydrophobic substance was used in the flakeboard manufacturing. As a hardener, 1 wt.% ammonium chloride (NH 4 Cl) solution with 20% solid content based on the resin was added to the resin.
Hydrothermal treatment of wood chips
A twin digester (GIST Co. Ltd.) was used for hydrothermal treatment of wood chips. Ten liters of water and 2 kg of wood chips were put into the digester and then hydrothermally treated at 170 °C for 90 min. Three replications for each type of treatment, for a total of 6 kg of chips, were performed. The pressure gauge of the digester was between 0.18 MPa and 0.20 MPa. The hydrothermal treatment processing of the chips is presented in Figure  2 . Treated chips were then washed with water, air-dried, and finally oven-dried at 70 °C for 48 h. This procedure was individually applied for each chip size. The chips were cut by a laboratory disk flaker (Pallmann) to produce the flakes (Figure 2) . Thickness, width, and length of the flakes were 0.4-0.6 mm, 3-6 mm, and 15-38 mm, respectively. Before flakeboard production, the flakes were dried in an oven at 90 °C for 24 h to an average moisture content of 2%-3%, based on the oven-dried solid weight of the flake. Wood chip size and hydrothermal treatment of wood chips are given in Table 1 .
Determination of chemical properties of wood chips
For the determination of chemical properties of hydrothermally treated wood chips of different sizes, 10 g of wood flour (40 mesh) was prepared using a grinder. Holocellulose analysis was done according to the Wise sodium chlorite method, cellulose was determined by the Kurschner-Hoffner nitric acid method, and lignin content was determined as acid-insoluble Klason lignin (1962) . Hemicellulose content was calculated by subtracting cellulose content from holocellulose content. Three samples were used for the determination of chemical properties. Total extractives were determined according to the TAPPI T 204 om-88 standard procedure (TAPPI, 1988) in a Soxhlet apparatus. Two solvents were successively used each time for 6 h as follows: the mixture of ethanol with benzene (1:2 v/v). The weight loss of the flakes was calculated after hydrothermal treatment under pressure in hot water. 
Production of flakeboards
The flakes were glued with a liquid UF resin with a hardener, to have 10 wt.% resin based on the oven-dried weight of flakes in the resin blender. The flakes were hand-formed into randomly oriented mats with dimensions of 290 × 290 × 10 mm. Flakeboard mats were hot-pressed at 2.8 MPa pressure and 170 °C for 7 min. A total of 12 flakeboards, 3 flakeboards each for 4 series of flakeboards (from type A to type D), were produced at a wood composite pilot laboratory ( Figure 1 ). Prior to testing, the specimens were conditioned to a constant mass at a temperature of 20 °C and relative humidity of 65%.
Determination of physical and mechanical properties of flakeboard
The physical and mechanical properties of flakeboards were determined according to Korean Standard F 3104 (Korean Standard Association, 2002) . One-day thickness swelling (TS) and one-day water absorption (WA) tests were performed on ten specimens with dimensions of 50 × 50 × 10 mm. A density test was performed on ten specimens with dimensions of 100 × 100 × 10 mm. A total of ten specimens (200 × 50 × 10 mm) (5 // and 5 ┴ to the flakeboard surface) were tested for each type of flakeboard to determine bending strength (modulus of rupture, MOR) and modulus of elasticity (MOE). Internal bond (IB) testing was performed on ten specimens with dimensions of 50 × 50 × 10 mm.
Statistical analysis
Analysis of variance (ANOVA) was conducted (P < 0.05) to evaluate the effect of hydrothermally treated chip size on the chemical properties of wood and technological properties of flakeboard. Significant differences among average values of flakeboard groups were determined using Duncan's multiple range test.
Results and discussion
Weight loss and chemical composition of wood chips
The influence of the hydrothermal treatment on the weight loss and chemical properties of different sizes of wood chips is given in Table 2 . When hydrothermal treatment parameters were kept constant, the weight loss of the chips considerably increased as chip size decreased. Total weight losses of chip types B, C, and D were found to be 15.45%, 17.24%, and 20.00%, respectively. The highest decrease was found in the hemicellulose content, followed by the extractives. For example, compared to untreated control chips, hemicellulose and extractives of chip type D decreased from 21.2% to 4.1% and from 9.4% to 4.9%, respectively. On the other hand, the amounts of lignin and cellulose increased considerably with decreasing size of treated chips. The amount of lignin in the control chips increased from 38.0% to 51.9% when they were treated at 170 °C for 90 min in the digester. Similarly, the cellulose content of the chips increased from 31.2% to 39.0%. The increase in the weight loss of hydrothermally treated biomass was previously reported elsewhere (Yoon and van Heiningen, 2010; Dos Santos et al., 2014; Kwon and Ayrilmis, 2016) . Hydrolysis of hemicellulose is the main reason for the weight loss in the flakes. Hot water under pressure penetrates into the cell structure of wood and hydrates and removes hemicellulose (Wyman et al., 2005) . Thermal exposure in the digester can alter the structure of hemicelluloses because arabinan and galactan, each a sidechain component of the hemicelluloses, tend to degrade as chip size decreases. The results showed that a decrease in chip size resulted in better penetration of hot water into the cell walls, higher hydrolysis of hemicellulose, and higher weight loss. Some extractives (hot water-soluble extractives) were removed during treatment as a part of weight loss.
Hot water under pressure penetrates into cell walls, cleaving acetyl groups of hemicellulose and generating acetic acid, which catalyzes the hydrolysis of hemicellulose and the formation of monomeric sugars (Yildiz and Gumuskaya, 2007) . The concentration of organic acids and in particular acetic acid generated from the cleavage of acetyl groups of hemicellulose increased with decreasing chip size. Larger chips (type A in Figure 1 ) caused a decrement in the penetration of hot water into the lumens and cell walls, in particular into the center of the chip, as compared to the smaller chip (type C). Decreased accessibility of hot water to polymers in the cell wall could be a reason for lower weight loss in larger chips.
Physical and mechanical properties of flakeboard 3.2.1. Physical properties of flakeboard
The results of measurements of physical properties of the flakeboards are given in Table 3 . A slight increment in the density of the flakeboards was determined. The flakeboards produced with untreated flakes showed higher WA and TS values, which were significantly different from those of the flakeboards produced with treated flakes. The TS and WA of flakeboards significantly decreased as the size of hydrothermally treated chips decreased. For example, the average TS and WA of flakeboards decreased from 54.5% to 14.8% and from 77.1% to 44.1%, respectively, depending on the hydrothermally treated chip size (Table  3 ). The control group had the highest TS and WA values, while flakeboard type D, which had the lowest size, had the lowest TS and WA values. Significant differences (P < 0.05) among flakeboard types A-D are shown by letters in Table 3 . A sharp decrease was observed in the TS and WA values of flakeboards produced with flakes obtained from chip type B compared to the control flakeboard. This was because the destruction rate of hemicelluloses was significantly increased by the hydrothermal treatment. Significant differences in the water resistance of flakeboards were mainly due to the degradation rate of hemicelluloses depending on the chip size. Hemicelluloses are very hydrophilic compounds of the wood cell and the most heat-sensitive polymers of wood components hydrolyzed during hydrothermal treatment. It is known that during hydrothermal treatment of wood, carbonic acids, mainly acetic acid, are formed as a result of cleavage of the acetyl groups of hemicelluloses (Hosseinaei et al., 2011; Li et al., 2013) . These changes in the hemicelluloses decreased the hygroscopicity of the flakes, which consequently resulted in lower TS and WA values for the flakeboards. Lignin deposits on the surface of treated flakes after extraction (Hosseinaei et al., 2015) , which have hydrophobic characters, may also contribute to decreased hygroscopicity of wood flakes.
Mechanical properties of flakeboard
The bending properties of flakeboards are presented in Table 3 . The MOR and MOE slightly decreased as the chips were hydrothermally treated. Statistical analysis results showed that there were no significant differences (P < 0.05) in the MOR, MOE, and IB strength values between control and treated flakeboards. The control group had the highest MOR (15.3 N/mm 2 ) and MOE (2415.4 N/mm 2 ), while flakeboard type D had the lowest MOR (14.5 N/ mm 2 ) and MOE (2329.7 N/mm 2 ). The main reason for the lower bending properties of the flakeboard is the degradation of hemicelluloses, which are less stable to heat than cellulose and lignin. Soluble acidic chemicals, such as formic acid and acetic acid, formed by degradation of hemicellulose, are mainly responsible for the mechanical properties of wood. In addition, soluble acids can break down the long-chain cellulose, which reduces the strength of wood (Sundqvist, 2004) . Similar results were observed in some previous studies on wood (Charani, 2007; Burgos and Rolleri, 2012; Dos Santos et al., 2014) and wood-based panels (Hosseinaei et al., 2011; Kwon and Ayrilmis, 2016) . The IB strength of the flakeboards is given in Table  3 . Apart from bending properties, the IB strength of all flakeboards produced with flakes of hydrothermally treated chips was found to be slightly higher than that of the control. There was no significant difference in IB values between the control and treated flakeboards. The IB strength of the control was found to be 0.15 N/mm
2 . An increase in the IB strength of flakeboards type B (0.19 N/ mm 2 ) and type C (0.20 N/mm 2 ) was observed compared to the control. However, a slight decrease was observed in the IB strength (0.18 N/mm 2 ) of flakeboard type D, but it was higher than that of the control.
The enhancement in the IB strength of flakeboards produced with flakes of hydrothermally treated chips could be related to the decrement in the weight loss of the flakes and thereby increment in the compression ratio in the flakeboard mat during hot-pressing. A higher compression ratio can increase the magnitude of the bonding area between the flakes and subsequently improve the IB strength (Ajayi, 2000) . In addition, the increased compaction ratio decreases the internal void volume, which can hinder the migration of moisture into the flakeboard and improve water resistance.
Hydrothermal treatment decreased the extractive content of the flakes as shown in Table 2 . Extractives have a significant effect on the resin bonding performance of wood (Nemli and Colakoglu, 2005; Nemli and Aydin, 2007; . In previous studies, it was reported that extractives negatively affected the resin bond between wood particles. For example, reported that ethanol-and water-soluble extractives had a significant effect on UF resin gel time, which played a major role in determining resin bond quality.
In conclusion, the results of the present study showed that chip size had a significant effect on the chemical properties of hydrothermally treated wood. As chip size decreased, the amounts of the extractives and hemicelluloses decreased while the amounts of cellulose and lignin increased. As for the physical properties of the flakeboards, thickness swelling and water absorption of the boards significantly decreased with decreasing chip size. However, the flexural properties of the flakeboard decreased with decreasing chip size, but it was not significant. The internal bond strength of the flakeboard improved with decreasing chip size. This showed that the resin bond between the flakes enhanced as the wood was hydrothermally treated in a digester. Flakeboards produced from the flakes of hydrothermally treated chips (thickness: 7.4 mm, width: 9.2 mm, and length: 38.5 mm) showed the optimum physical and mechanical properties. The results showed that hydrothermal treatment of wood was an effective method for enhancing the serviceability of flakeboard.
